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Abstract 
 
The minerals connellite and buttgenbachite, complex hydroxy sulfate-nitrates of 
Cu(II), are rare products formed during the corrosion of bronze and brass objects. 
Infrared and Raman spectra of buttgenbachite and connellite have been obtained at 
298 and 77 K using a Raman microprobe in combination with a thermal stage. Raman 
spectra show the presence of nitrate, sulfate and chloride in the mineral. Spectra of the 
hydroxyl-stretching region are complex with multiple bands being observed. These 
observations are in agreement with the structure of the minerals in that the nitrate ion 
occupies two different sites and that six hydroxyl groups are crystallographically 
independent. Various OH stretching bands are attributed to independent hydroxyl 
units in the crystal structure and zeolitic water OH stretching modes. Raman 
spectroscopy is an excellent technique for the identification of these complex minerals 
and for the determination of the distribution of anions in their structure.   
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INTRODUCTION 
 The minerals connellite (ca Cu36Cl6(SO4)2(OH)62.12H2O) and buttgenbachite 
(ca •Cu36Cl6(NO3)4(OH)62.12H2O) form a complex solid solution series in which 
variable amounts of sulfate and nitrate are substituted in the lattice.1-6 Details of the 
structure of the solid solution have only recently been established.7-10 Water 
molecules of crystallization are thought to be zeolitic in nature.10 Connellite is a 
relatively rare mineral found in oxidized zones of base metal ore bodies; 
buttgenbachite is much rarer still. Formation of the minerals as corrosion products 
during exposure of copper to electrolytes comprising various mixtures of NaCl and 
Na2SO4 has been studied and, somewhat curiously, the minerals are found as 
corrosion products of ancient copper objects, brasses and bronzes.11 Indeed, corrosion 
products of a bronze statue have been used to show the statues were of Pompeian 
origin.12,13 The mineral has been found in the patina of jewelled rings from the Latin 
burial fields near Nebringen, Kr. Boeblingen.14 More bizarrely, the minerals have 
been found in fossilized tree trunks15 and as secondary phases in slags immersed in 
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seawater.16 Connellite may be synthesised simply by titration of dilute aqueous 
solutions of copper(II) chloride by sodium hydroxide in the presence of sulfate ions.5 
We have completed a study of the molecular structure of the two minerals using a 
combination of Raman and infrared spectroscopy and have shown that these 
techniques are ideal for the identification of the minerals in archaeological materials 
and for exploring the extent of solid solution between the two end-members.   
 
EXPERIMENTAL  
Minerals 
A crystalline buttgenbachite sample from Likasi in the Democratic Republic of 
the Congo was purchased from the Mineralogical Research Company, California. It is 
similar to that used in the structure determination of the mineral9 and contains a small 
amount of sulfate. A sample of connellite sample from Bisbee, Arizona was supplied 
by Dr Anna Domitrovic of the Arizona Sonora Desert Museum, Tucson Arizona, 
USA (specimen number ASDM  2031). The single crystal structure of this material 
has been determined separately (D.E. Hibbs, P. Leverett and P.A. Williams, 
unpublished results). 
A larger sample of connellite was synthesized by stoichiometrically reacting 
very dilute aqueous copper(II) chloride with sodium hydroxide in the presence of 
sulfate ion.5 Buttgenbachite could not be synthesised by analogous methods using 
sodium nitrate in place of sulfate. 
 
Infrared spectroscopy 
Samples were dried to remove adsorbed water and stored in a desiccator before 
measurement in the FT-IR spectrometer.  The sample (1 mg) was finely ground for 
one min., combined with oven-dried, spectroscopic grade KBr having a refractive 
index of 1.559 and a particle size of 5-20 mm (250 mg) and pressed into a disc at 8 
tonnes pressure for five min under vacuum.  The spectrum of each sample was 
recorded in triplicate by accumulating 64 scans at 4 cm-1 resolution between 400 and 
4000 cm-1 using a Perkin-Elmer 1600 series Fourier transform infrared 
spectrophotometer equipped with a LITA detector. 
 
Raman microprobe spectroscopy 
Crystals of minerals were placed and orientated on a polished metal surface on 
the stage of an Olympus BHSM microscope equipped with 10x and 50x objectives. 
The microscope is part of a Renishaw 1000 Raman microscope system, which also 
includes a monochromator, a filter system and a Charge Coupled Device (CCD). 
Raman spectra were excited by a Spectra-Physics model 127 He-Ne laser (633 nm) at 
a resolution of 2 cm-1 in the range between 100 and 4000 cm-1.  Repeated acquisitions 
using the highest magnification were accumulated to improve the signal-to-noise ratio 
in the spectra. Spectra were calibrated using the 520.5 cm-1 line of a silicon wafer. 
Spectra at liquid nitrogen temperature were obtained using a Linkam thermal stage 
(Scientific Instruments Ltd, Waterfield, Surrey, England).   
Spectroscopic manipulation such as baseline adjustment, smoothing and 
normalisation were performed using the Spectracalc software package GRAMS 
(Galactic Industries Corporation, NH, USA). Band component analysis was 
undertaken using the Jandel ‘Peakfit’ software package, which enabled the type of 
fitting function to be selected and allows specific parameters to be fixed or varied 
accordingly. Band fitting was performed using a Gauss-Lorentz cross-product 
function with the minimum number of component bands used for the fitting process. 
 3
The Gauss-Lorentz ratio was maintained at values greater than 0.7 and fitting was 
undertaken until reproducible results were obtained with squared correlations of r2 
greater than 0.995. 
 
RESULTS AND DISCUSSION 
The complex basic copper(II) chloride-sulfate-nitrate species connellite 
(sulfate end-member) and buttgenbachite (nitrate end-member) have been known for 
more than a century (connellite), although the common presence of nitrate in 
connellite was at first overlooked.1-4,6,17  End-member buttgenbachite was first 
described in 1925.1,3 The stoichiometric complexity makes it difficult if not 
impossible to determine exact compositions by analysis. Approximate formulae of 
Cu36Cl6(SO4)2(OH)62.12H2O and Cu36Cl6(NO3)4(OH)62.12H2O for connellite and 
buttgenbachite, respectively, are useful starting points for end-member compositions. 
Carbonate can substitute in part for sulfate or nitrate and the mineral is comparatively 
common in the oxidized portions of copper orebodies, even if generally present in 
small amounts.5 What this means from a spectroscopic point of view is that these 
minerals will show features of either the nitrate anion or the sulfate anion, or both. 
Carbonate may further complicate spectra of natural samples. This is unusual but a 
range of compositions for the series exists depending upon the pH and relative 
activities of chloride and other anions in solutions from which the minerals 
crystallize. 
 A single-crystal X-ray structure of connellite was reported some time ago7 and 
revealed an intricate three-dimensional network of copper, chloride and hydroxide 
ions enclosing large channels parallel to c. In these large channels, sulfate, nitrate, 
hydroxide and water molecules were disordered over several sites. About the same 
time, Fanfani et al.8 reported the single-crystal X-ray structure of buttgenbachite, with 
essentially the same overall structure. However, neither structure was satisfactory and 
the details of the siting of nitrate and sulfate ions in the channels has only recently 
been revealed.9,10 Nitrate ions are located in two crystallographically independent 
sites in the large ‘open’ channels of the structure and in each case are not directly 
linked to the surrounding framework of the Cu(II) coordination polyhedra. One nitrate 
is centred at 2/3, 1/3, 1/4, and the other nitrate is centred at 2/3, 1/3, z across the 
mirror plane normal to c. The sulfate ion is statistically distributed across the former 
site in connellite, three sulfate oxygen atoms lying on the mirror. Cu(II) ions are five- 
or six-coordinate, the latter geometries being of the classical (4+2) type. Five-
coordination is confined to square pyramidal sites. A variety of donors including 
hydroxide chloride and water are involved in particular copper sites; there are five 
crystallographically independent copper ions in the unit cell. 
 
Hydroxyl -stretching vibrations 
 In the structure of connellite there are four crystallographically independent 
hydroxyl ions and one water molecule in the large channel (ignoring possible partial 
occupancy at the origin or at disordered nitrate sites. Figure 1 shows the hydroxyl-
stretching region of both the Raman and infrared spectra of buttgenbachite. Five 
Raman bands are observed at 3526, 3397, 3332, 3148 and 2865 cm-1 and five infrared 
bands at 3458, 3304, 3160, 3052 and 2822 cm-1. The X-ray structure suggests that 
four independent hydroxyl-stretching vibrations should be observed and at least one 
water OH stretching vibration. The question then arises as to the attribution of these 
bands. One possible model is to assume the water is present as zeolitic water and is 
only weakly hydrogen bonded.  If this is the case, then the band at highest frequency 
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is the hydroxyl-stretching vibration of water. This means that the four lower 
frequency bands are attributed to the hydroxyl stretching of the OH units. The fact 
that four different bands are observed and at significantly different frequencies means 
that the OH units are not equivalent on a molecular scale, in accord with the structure 
data. 
 
Nitrate  vibrations 
 The Raman and infrared spectra of buttgenbachite are shown in Figure 2. In 
the 298 K Raman spectrum two bands are observed at 1049 and 1038, and 984 cm-1.  
These bands are assigned to the NO and SO symmetric stretching modes, 
respectively. In the Raman spectrum of  buttgenbachite at 77 K, the NO stretching 
band is resolved into three components at 1054, 1042 and 1026 cm-1.  These bands are 
attributed to three different nitrate anions in three different sites in the molecular 
structure.  The band at 1054 cm-1 is assigned to free nitrate, and the other bands to 
nitrate hydrogen bonded to a water molecule or a hydroxide ion.18-23  X-ray 
crystallography shows that that the nitrate is distributed across two sites and the lattice 
water molecule is only partially present. This indicates that the behaviour of the 
nitrate ion in the molecular structure is not simple, but three different environments 
for it can be envisaged on the basis of the structural data. In the Raman spectra of 
connellite no bands were observed at around 1050 cm-1, clear evidence for the lack of 
much nitrate in the Arizona sample and as expected for the synthetic material.    
 Bands are observed in the infrared spectrum of buttgenbachite at 727, 750 and 
848 cm-1 (Figure 3). Ross24 reports the infrared spectrum of copper nitrate as having 
bands at 820 and in the 665 to 770 cm-1 region for the nitrates of divalent cations. The 
first band is attributed to the ν2 mode and the other bands around 700 cm-1 to ν4 
modes. Thus the band at 848 cm-1 for buttgenbachite may be attributed to the ν2 mode 
of nitrate and the two bands at 727 and 750 cm-1 to the ν4 modes. These bands were 
not observed in Raman spectra. 
 
Sulfate vibrations 
 The infrared spectrum of the buttgenbachite sample clearly shows bands at 
1124 and 1095 cm-1 with a broad profile in the 950 to 1050 cm-1 region. The two 
bands at 1124 and 1095 cm-1 are assigned to antisymmetric stretching modes of the 
sulfate anion. In the infrared spectra of buttgenbachite a broad band at around 1005 
cm-1 was observed.  This is attributed to forbidden symmetric stretching modes of 
sulfate and corresponds with two antisymmetric stretching modes at 1124 and 1095 
cm-1.  A broad band is also observed in the 298 K Raman spectrum at around 1025 
cm-1 and may be assigned to the sulfate antisymmetric stretching vibration. The 
observation of more than one band in the infrared spectrum suggests a loss of 
degeneracy of ν3 modes and a loss of symmetry from Td to C3v or C2v, in agreement 
with the structure (C3v). In the Raman spectrum a single band is observed in both the 
298 and 77 K spectra at 984 cm-1 and is assigned to the sulfate SO stretching 
vibration. It has a bandwidth of 9.3 cm-1 at 298 K and 8.4 cm-1 at 77 K. While 
considerable band narrowing is observed in the spectra at 77 K, no additional bands 
were observed. This suggests that only one type of sulfate anion is present in the 
structure, as borne out by the crystal structure determination. In the Raman spectrum 
of connellite an intense band was observed at 984 cm-1, indicating that the sulfate 
anion is present in the structure.   
 Two bands are observed at 617 and 590 cm-1 in the 298 K Raman spectrum of 
buttgenbachite and at 594 and 617 cm-1 in the 77 K spectrum (Figure 4).  These may 
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be assigned to the ν4 mode of sulfate. Two bands observed in the Raman spectra at 
449 and 448 cm-1 may be attributed to ν2 modes.  Some intensity changes are 
observed as the mineral is cooled to liquid nitrogen temperatures. The intensity of the 
590 cm-1 band is highest in the 298 K spectrum and the 617 cm-1 band has increased 
intensity in the 77 K spectrum.  The observation of more than one band in both the ν2 
and ν4 regions of sulfate is in harmony with the loss of degeneracy of the ν3 modes in 
line with the structure.   
 
Water HOH deformation modes 
 The role of water in minerals is readily studied by the observation of the water 
HOH deformation modes at about 1630 cm-1.  Figure 5 displays the infrared spectrum 
of the 1200 to 1800 cm-1 region of connellite. The water HOH bending mode at 1644 
cm-1 band is significant in that the water molecule must be hydrogen bonded in the 
connellite structure.   
  
Other significant bands 
 A reasonably intense band is observed at 404 cm-1 in the 298 K Raman 
spectrum of buttgenbachite and at 407 cm-1 in the 77 K Raman spectrum. Bands are 
observed in this position for the MO stretching vibrations of the MOH units and 
consequently this band is attributed to CuO stretching vibrations.24  A band at 262  
cm-1 increases in intensity at 77 K. This band is assigned to the CuCl stretching 
vibration.24  Bands at 349 and 322 cm-1 are assigned to ν3 modes of the CuCl units and 
bands observed at 193 and 184 cm-1 may be attributed to corresponding ν2 modes. 
 
CONCLUSIONS  
 This work has shown that whilst there may be subtle differences in the X-ray 
structures of buttgenbachite and connellite, strong similarity exists in their molecular 
structures. Indeed the spectra of the two minerals are quite similar. This work also 
showed that small amounts of sulfate are easily detected in buttgenbachite. Potential 
applications of this work lie in measurements of corrosion products of brasses and 
bronzes of antiquarian or archaeological significance. Raman spectroscopy readily 
lends itself to the analysis of these types of materials. In particular, bands associated 
with sulfate, nitrate and chloride are easily distinguished in the Raman spectrum. 
 
Acknowledgments 
The financial and infrastructure support of the Queensland University of 
Technology Centre for Instrumental and Developmental Chemistry is gratefully 
acknowledged. The Australian Research Council (ARC) is thanked for financial 
support.  
 
REFERENCES 
 
1. Ford, WE, Bradley, WM. Am. J. Sci. 1915; 39: 670. 
2. Holden, EF. Am. Mineral 1924; 9: 55. 
3. Palache, C, Merwin, HE. Cambridge. Am. J. Sci. 1910; 28: 537. 
4. Schoep, A. Compt. rend. 1925; 181: 421. 
5. Pollard, AM, Thomas, RG, Williams, PA. Mineral. Mag. 1990; 54: 425. 
6. Bannister, FA, Hey, MH, Claringbull, GF. Mineralog. Mag. 1950; 29: 280. 
7. McLean, WJ, Anthony, JW. Amer. Mineral. 1972; 57: 426. 
8. Fanfani, L, Nunzi, A, Zanazzi, PF, Zanzari, AR. Mineral. Mag. 1973; 39: 264. 
 6
9. Hibbs, DE, Leverett, P,  Williams, PA. Mineralogical Magazine 2002; in 
press. 
10. Hibbs, DE, Leverett, P,  Williams, PA. Neues Jahrb. Min. Monats. 2002; in 
press. 
11. Erdos, E, Giovanoli, R. Corros. Sci. 1968; 8: 3. 
12. Freestone, IC, LaNiece, SC, Meeks, ND. Masca J. 1984; 3: 10. 
13. Grazzini, M. Rend. soc. mineralog. Ital. 1955; 11: 220. 
14. Otto, H. Naturwissenschaften 1963; 50: 16. 
15. Marchesini, M. Riv. Mineral. Ital. 1999: 116. 
16. Ruesenberg, KA, Paulis, P. Aufschluss 1996; 47: 267. 
17. Buttgenbach, H. Ann. Soc. Geol. Belgique 1926; 50: B35. 
18. Frost, RL, James, DW. J. Chem. Soc., Faraday Trans. 1 1982; 78: 3235. 
19. Frost, RL, James, DW. J. Chem. Soc., Faraday Trans. 1 1982; 78: 3223. 
20. Frost, RL, James, DW. J. Chem. Soc., Faraday Trans. 1 1982; 78: 3263. 
21. Frost, RL, Appleby, R, Carrick, MT, James, DW. Can. J. Spectrosc. 1982; 27: 
82. 
22. James, DW, Frost, RL. Aust. J. Chem. 1982; 35: 1793. 
23. Frost, RL, James, DW, Appleby, R, Mayes, RE. J. Phys. Chem. 1982; 86: 
3840. 
24. Ross, SD Inorganic Infrared and Raman Spectra; McGraw-Hill, 1972. 
 
 7
Table 1 Results of band component analysis of the infrared spectrum of 
buttgenbachite and the Raman spectra of buttgenbachite, 
connellite and synthetic connellite. 
 
 Buttgenbachite 
Natural 
 Connellite
Natural 
Connellite 
Synthetic 
 
Raman 
298 K 
Raman 
77 K 
Infrared Raman Raman Suggested 
Assignment 
3526 
3397 
3332 
3148 
2865 
Not 
determined 
3458 
3304 
3160 
3052 
2822 
 
3530 
3397 
3334 
3150 
2875 
Not 
determined
Hydroxyl 
stretching 
  1379   NO 
antisymmetric 
stretching 
1114  
 
1124 
1095 
1115 1150 SO 
antisymmetric 
stretching 
1049 
1038 
1055 
1040 
1024 
   NO 
symmetric 
stretching 
 
984 
 
984 
1006 
966 
 
984 
 
985 
SO 
symmetric 
stretching 
  846 
750 
727 
  Nitrate 
ν2 and ν4 
modes 
614 
588 
614 
592 
 615 588 
510 
 
Out of plane 
sulfate 
deformation 
485 
448 
 
 
492 
453 
406 
384 
  
450 
492 
447 
422 
398 
Sulfate in 
plane 
deformation 
404 407  400 398 CuO stretch 
349 
322 
262 
353 
324 
264 
 267 267 CuCl bands 
235 
185 
163 
145 
125 
250 
194 
183 
164 
  293 
247 
175 
150 
Lattice modes 
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